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liters/min/M2, P < 0.05). There were no differences between normal infants and older children for RV ejection fraction (EF), RVEDV/LVEDV = 1.01, RVSI/LVSI = 0.99, and RVEF/LVEF= 1.04 vs 0.99. In 13 patients with isolated pulmonary stenosis, RVEDV, RVEF, RVSI, RVEDV/ LVEDV, and RVSI/LVSI were not different from normal, but RVEF/LVEF averaged 1.13 vs 0.99 in normal infants, P < 0.05. In contrast, 11 patients studied with atrial septal defect or total anomalous pulmonary venous connection had significant increases in RVEDV (128 ml/m2), RVSI (9.34 liters/min/M2), RVEDV/LVEDV (2.36), RVSI/LVSI (2.81), and RVEF/LVEF (1.17), but normal values for RVEF. There was a significant linear relationship between Qp/Qs from oxygen data and RVSI/LVSI. In three patients studied an average of 1 year following atrial septal defect (ASD) repair, RVEDV remained elevated. In Figure 1 GRAHAM ET AL.
portion cut away from the remainder of the cast at the tricuspid and pulmonary valves. The real volume (V') of each cast was determined by water displacement. Biplane cineangiocardiograms of the casts were exposed with the cast in the estimated anterior-posterior (AP) and lateral (Lat) projections which the right ventricle would have occupied in vivo ( fig. 1 ). For calibration purposes, a grid of 625 squares of fine steel wire 1 cm x 1 cm each embedded in Plexiglass was filmed perpendicular to the AP and Lat X-ray tubes at the position the cast occupied. The films of the grid were used to correct for X-ray magnification.
The films of the casts were projected onto a drawing board, and the images were outlined by hand. Three different models were used to calculate the volume of the casts.
Model 1: Simpson's Rule. In this model the AP and Lat images were divided into 10 equal parts using 11 horizontal lines. The cross section of the RV when viewed from above was assumed to be an ellipse, the volume of each segment was calculated, and the volume of the segments were summed using Simpson's rule as illustrated in figure 2 Model 3: Area-Length Method. The third model uses biplane images, and the entire RV is assumed to be an ellipsoid of revolution with volume V = 4/3.r X r (AP) X r(Lat) x LL/2 where r(AP) = the radius calculated from the AP view and r(Lat) = the radius calculated from the lateral view as described above. Right ventricular volume determinations were perfoired from biplane cineangiocardiograms obtained during routine diagnostic cardiac catheterization in 33 infants and children. For this study, patients were selected whose right ventricular output would be expected to equal the left ventricular output in order to provide a means for in vivo determination of the accuracy of the volume calculations. Thus, patients with intracardiac shunts or valvular regurgitation were eliminated.
RIGHT VENTRICULAR CALCULATION; SIMPSON'S RULE Yo
Diagnoses included 16 patients with normal right hearts (table 1), 13 patients with pressure overload secondary to pulmonary stenosis with a right ventricularto-pulmonary artery gradient of > 30 mm Hg, three patients studied following Mustard's correction of transposition of the great arteries, and one patient with a cerebral A-V fistula. All patients in the normal group had normal values for left ventricular end-diastolic volume, ejection fraction, and end-diastolic pressure (_E 12 mm Hg). Two patients in the normal group have minimal pulmonary stenosis with a right ventricular-topulmonary artery pressure gradient of '-10 mm Hg. One patient had intermittent paroxysmal superventricular tachycardia of short duration. He had never had prolonged tachycardia or symptoms of heart failure. He was in sinus rhythm at the time of the study. One patient was studied 6 months after ligation of an anomalous conus coronary artery arising from the pulmonary artery. He was asymptomatic with normal preoperative and postoperative electrocardiograms.
In the pulmonary stenosis group, ages ranged from 4 days to 6 years and peak right ventricular pressure raniged from 55 to 160 mm Hg with a mean value of 92 mm Hg. Patienits less than 12 months were studied with initramuscutlar meperidine (1-1.5 mg/kg) and/or promethazinie (0.5-0.7 mg/kg) sedation; patients above 12 moniths were studied with light general anesthesia using nitrous oxide aind small amounts of halothane (< 0.5%) or with intramuscular Innovar 0.025 cc/kg (a combination of droperidol 2.5 mg/cc and fentanyl 0.05 mg/cc). Twenty of these patients were studied at Duke University and 13 at Vanderbilt University. Biplane cineangiocardiograms (AP and lateral) of the right ventricle were obtained at 60 frames/sec following the injection of 1-1.25 ml/kg of 75% sodium and meglumine diatrizoates (Hypaque M, Winthrop Laboratories) into the right ventricle or right atrium. Right ventricular images were projected onto a drawing board and end-diastolic and end-systolic frames were drawn. In the patients studied at Vanderbilt, projected images were digitized directly from a digitizing table onto magnetic tape for processing. In a similar manner, left ventricular end-diastolic and end-systolic frames were drawn during the levogram phase of the cine. The electrocardiogram was monitored during the cine, and all ectopic and postectopic beats were excluded from analysis. In addition, if the heart rate during the levogram phase was different by more than 10/min from that during the right heart phase, the data were not used. A grid system filmed at the end of each study was used to correct for image magnification. The details of this system for left heart volume calculations has been presented previously.8 Left heart volumes were calculated using the area-length method9 with appropriate regression equation correction of calculated volumes.10 Left ventricular end-diastolic volume (LVEDV), LV end-systolic volumes (LVESV), LV stroke volume = LVSV = LVEDV-LVESV, LV systolic output = LVSV x heart rate, and LV ejection fraction= LVEF = LVSV/ LVEDV were calculated for each patient.
Right ventricular volumes were calculated by the three methods described for the cast studies. Right ventricular end-diastolic volume (RVEDV), RV endsystolic volume (RVESV), RV stroke volume (RVSV), RV GRAHAM ET AL. (fig. 7) . The ratio RVEF/LVEF was higher than normal (1. estimated from oxygen data (P < 0.05, r = 0.688).
In three patients catheterized 1 year following successful ASD repair, RVEDV/BSA remained increased while RVSI was normal. One patient had Table 3 Comparative Regression Analysis of RV Versus LV Stroke Volume by Three Methods tract and relatively slow injection of 1 cc/kg of contrast media over 1 sec in infants and over 1.5-2 sec in older children will reduce the incidence of premature contractions. Right atrial contrast injections give a low incidence of premature contractions, but one is left with overlapping chamber borders. When the right ventricle is at end-diastole and thus right atrial volume is minimal, the recognition of the right ventricular borders is not difficult. However, at right ventricular end-systole, right atrial volume is maximal and border recognition is much more difficult. fig. 6) . Because of the difficulty in completely accurate BSA estimation in infants, body height or weight may be used for this purpose also. The application of this method for defining normal limits for RVEDV is illustrated in table 4 (see also fig. 6 ).
Patients with an isolated pressure overload in the form of pulmonary stenosis did not show significant changes from normal in RV end-diastolic volume, nor in RV ejection fraction. None of these patients had clinical evidence of congestive failure. The The finding of increased RV volumes in three patients catheterized 1 year postoperatively as part of a cooperative study has a parallel in a previous study showing increased LV volume in postoperative ventricular septal defect patients studied an average of 2 years following repair.'2 These investigations suggest that changes in filling characteristics of the ventricle can occur with chronic volume overload which are not completely revers--ible in 1-2 years following correction. The possibility also exists that a depression in myocardial contractile state which can accompany chronic hypertrophy secondary to volume overload2' 13 may be a factor in the chronic elevation of end-diastolic volume.
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